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Anisotropic superconducting properties of MgB, single crystals probed
by in-plane electrical transport measurements
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We report on the study of the electronic anisotropy of the Mgperconductor using the in-plane resistivity
measurements in the magnetic field applied perpendicular and parallel to Mg and B planes ofiktgB
crystals. The results show the temperature dependent anisotropy of the upper critical field with the anisotropy
ratio y=H,,/H,, increasing from 2.2 close @, up to about 3 below 30 K. Our estimation of the in-plane
and out-of-plane coherence length of abéy(0)=68 A andé,(0)=23 A and the electronic mean-free path
l.=240 A andl,=60 A, respectively, indicates MgBsingle crystal approaches the clean limit type-Il su-
perconductor.
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The superconductivity at about 39 K in magnesiumcrystals of size of about 0:50.1x 0.05 mnt have been cho-
diboride* has stimulated considerable interest in the study ofen for our study. The in-plane transport measurements have
various properties of this compound. Observation of the bobeen performed in a usual four probes linear geometry with
ron isotope effeétas well as band structure calculatidns transport current directed along Mg and B planes. Electrical
indicate phonon-mediated superconductivity in MgB contacts were made using gold or silver paste without sub-
Transport and magnetization measurements of the uppé&equent heat treatment. Contact resistance was arodad 1
critical field*~® and critical current density'® of MgB, re-  for current contacts and slightly highéabout 3—-5() for
vealed properties typ|ca| for a type-” Superconductor_ Sinc@otential ones. To measure CUrrent-VOltage response, we used
the crystal structure of MgBconsists of alternating Mg and Usual low frequency17 H2) lock-in ac technique with exci-

B sheets, the electronic anisotropy of this material may pdation current in the range 0.2—-2.0 mA and voltage resolution

expected. Clear signs of the anisotropic nature of MpBs of about 0.3 nV. Magnetic fields up to 9 T were generated by
ﬁpperconducting solenoid, while measurements in high fields

up to 16 T were performed in a pulsed magnet. For measure-
ments inside superconducting solenoid the samples were
mounted in a rotatable sample holder with an angular reso-
: L : ; lution of 0.05°, allowing for accurate single crystal align-
=1.7-2 obtained for thin f'lnﬁ_’l’lzand aligned crystallites ment with respect to magllgnetic field. In pulged m);gnetic ngieId
up to y=6-9 for randomly oriented powder sampfé_s.. experiments, accuracy of field alignment along Mg and B
Recently Leeet al. reported on the growth of submillime- planes is estimated to be within 2°—3°.
ter M9525 single crystals under high pressure in the Mg-B-N" |, Fig. 1, we present zero-field temperature dependence of
systerrf. The availability of such crystals opens a nice op-ihe resistance for several MgRingle crystals. The inset in
portunity for direct probe of anisotropic behavior of the kg 1 is an enlarged view of the resistivity data n&ar The
MgB, superconductor, and from resistivity measurementsegyits for three different samples demonstrate remarkable

performed in Ref. 15 the upper critical field anisotropy ratioreproducibility giving a proof of high quality of our single
of about 2.7 was estimatéfiHere we present results of the

detailed study of the in-plane transport properties of MgB

However, results obtained by various groups give very dif-
ferent estimations oH., anisotropy ratio ranging fromy

single crystals in magnetic field up to 6 T applied perpen- 12 e ' '

dicular to Mg and B planesH, ) and up to 16 T in parallel rof 2 M .

field orientation H,). The obtained results allow one to de- — osl i 0.5 |

termine the upper critical fields and, thus, to get information < Tl e 1 J

about super_conducting coherence lengths and superconduct- 8 06r "37'6 38.0 384 388 927 E

ing state anisotropy. \g'. 0.4- TR |
Magnesium diboride single crystals have been grown in ’ —— sample #1

the quasiternary Mg-MgR BN system at high pressure and 02  pe o ::$§}§ ]

temperature of 4—-6 GPa and 1400-1700 °C, respectively. 0.0k . . . . . |

The MgB, precursor was prepared from magnesium powder 0 50 100 150 200 250 300

(99.9% Rare Metallic Cop.and amorphous boro{®7% Her-
mann C. Starck Single crystal growth was performed in BN
crucibles in the presence of longitudinal temperature gradient FIG. 1. Normalized zero-field temperature dependence of the
of about 200 °C/cm in a cubic-anvil pre¢§RY Engineer-  in-plane resistivity for three different MgBsingle crystals mea-
ing). In optimal conditions shiny gold-colored single crystals sured at current 0.5 mA. Inset: Zero-field resistive superconduct-
of size up to 0.7 mm were grown. Several platelike singleing transitions for the same crystals.

T(K)
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FIG. 2. Upper panel: Superconducting transitions at various FIG. 3. Temperature dependence of the voltage response at vari-
magnetic fields offrom right to lefy 0, 0.2, 0.5, 1, 1.5, 2, 2.5, 3, ous currents in magnetic field of 1(Tipper pangland 2.5 T(lower
3.5, 4, 45, 5, 5.5, and 6 T applied perpendicular to Mg and Bpane) applied perpendicular to Mg and B planes.

planes. Lower panel: Superconducting transitions in parallel fields o
of (from right to lefy 0, 0.2, 0.5, 1, 2, 3, 4, 5, 6, 7, 8, and 9 T. In Was found to decrease at smaller excitation curréntt

both field orientations =0.5 mA and its direction is perpendicular Shown, this noisy voltage response was clearly seen at the
to the magnetic field. Different transition temperatures for a givenlowest value of transport curremt=0.2 mA (J~4 A/cnr)
applied field demonstrate the upper critical field anisotropy ofused in our study. Very similar behavior was also found in
MgB, single crystal. the measurements on samples 2 and 3, thus, indicating its
intrinsic origin, probably related to the weak pinning proper-
crystals. In particular, all samples show sharp superconducties of MgB, single crystal. However, for the context of the
ing transitions afT., defined as the resistivity onset with present paper, we note that this voltage noise does not affect
criterion of 2% of the full resistivity drop, around 38.5—-38.6 our observation of anisotropic superconducting properties
K with a transition widthAT(10-90 %) 0.3 K. Just above and defer its further discussion.
the superconducting transition, at=40 K, we estimatep From different transition temperatures at a given value of
=1+0.1540 cm. Some scattering in the absolute valuesmagnetic field, the anisotropic behavior of Mg&ingle crys-
for the resistivity of different samples is believed to be due total is clearly seen in Fig. 2. In particular, increasikgc
the uncertainty in contact geometry resulting from smallresults in a much more rapifi. decrease compared ktilab
crystal size. In the normal staje(T) dependence is well field geometry. AtH, =6 T the superconducting transition is
fitted to a power lawT® with 2.7<«a<<2.8 at T<200 K, almost completely suppressed abdve4.2 K, while in par-
which is similar to previously reported results obtained onallel field of the same magnitude it was found around 25 K.
bulk sintered polycrystalline sampl$.Also, for all three  Also, with the increase of magnetic field the structure of
single crystals we found close values of residual resistivitysuperconducting transition itself changes in a very different
ratio, RRR=p(273 K)/p(40 K)=4.9+0.3. way in two field orientations. FoHllab the effect of mag-
The characteristic results of our experiment are shown imetic field is to shift the transition to lower temperatures with
Fig. 2. Plotted are resistive superconducting transitions foa relatively smallAT increase. On the contrary, Hlic ori-
sample 1 at various magnetic fields up to 6 T lfbperpen-  entation, at fields of about 1-1.5 T we found a drastic change
dicular to Mg and B planegsupper pangland up to 9 T in  of the shape of the superconducting transition. Figure 3 il-
Hllab orientation(lower pane). In both orientations trans- lustrates this observation in more detail. Plotted are voltage
port current direction is perpendicular to magnetic field. Be-response vs temperature for sample 3 taken at various cur-
fore we start to describe the anisotropic properties of MgB rents atH=1 T (upper panglandH=2.5T (lower panel.
single crystal, let us briefly consider peculiar voltage noiseAt H=1 T the superconducting transition is extremely sharp
appearing inHllc field orientation in the low temperature at low currents, while ad =2.5 T the voltage response dis-
part of the superconducting transitionTat. 15 K (see upper plays a more gradual behavior with temperature. This obser-
panel of Fig. 2. Although the maximal value of noise level vation resembles transformation of the superconducting tran-
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20 03 — ] planes in pulsed magnetic field experimé&hEor both field
= = H/c orientationsH.,(T) dependence shows distinct positive cur-
i E"-Z' ° Hifab vature extending fromT. down to approximately 30 K.
15 3 5 ] Similar positive curvature oH.,(T) dependence was re-
_ « 41 e ¥ otr i cently observed on dense MgBvires’ as well as sintered
= 10 = #1H/ab M“ e polycrystalline samples® With the further decrease of tem-
= o #2Hiiab %\j&’ 08 09 10 peratureH ., (T) as well asH,, (T) dependence display
T . ¢ linear increase and below 15-20 K start to saturate. The
e gcu(T)chzﬁ(T) upper critié:gll field anisotropy ratio, 3_/=HC2H/ Heo
e S =(m¢/mgp) >, calculated for sample 1 at ci_lfferent.tempera-
0 * H—ﬁ&m tures, shows temperature dependence increasing fyom
0 10 20 30 20 =2.2 close tol; up to y=~3 atT=230 K. At lower tempera-

turesy remains nearly unchanged. The obtained value of the
electronic anisotropyy~3 places the MgB compound in
FIG. 4. Magnetic phase diagram of MgBingle crystal deduced between strongly anisotropic highs superconductors with
from the in-plane temperature-dependésample 1 and field-  anisotropy ratio ranging fromy=5-7 for optimally doped
dependent(sample 2 resistivity data as described in text. For YBa,CuzO;_5 up to y=50-200 for BjSrLCaCuyOg, s
sample 1 resistivity onset and transition endpoint are vertical baréRef. 21) and slightly anisotropic¢=1-1.15) other layered
and symbols are midpoints of the transition as a function of temboride superconductoRNi,B,C (R=Y, Lu) with crystal
perature. For sample 2 horizontal bars and symbols show resistivitytructure composed of alternati®RC and NiB, sheet&?
onset, completion, and transition midpoint as a function of magnetic From the available data for sample 1 we estimate
field, respectively. For both samples the solid lines demonstratq.qca(o):7_0_7_5-|- and Hgy(0)= yHcy, (0)=21-22T.
transition width. The dotted lines are guides for the eye and repreAccording to the relations for anisotropic superconductors
sent temperatur_e dependence of parallél,() and perpendicular Heo (T)= ¢0/(2W§ab2)’ where g, is the flux quantum and
(HFZL) upper critical field for sample l The daehed lines representy: Hea(0)/Hep, (0)= £45(0)/é,(0), this corresponds to
a linear fit toH,(T) andH¢,, (T) at intermediate temperatures. the in-plane and out-of-plane coherence length,(0)

Inset: Hcp(T)/H(0) vsT/T, nearT, for magnetic field parallel . . .
and perpendicular to Mg and B SheetS,£38.5 K, Hep(0) ~68 A and £.(0)~23 A, respectively. Using normal state

=217, Hep, (0)=7.3T). Lines represent fit to EJ). resistivity measurements 0p(40 K)=1 p2 cm, the in-
plane Fermi velocity of 4.8 10" cm/s(Ref. 3, and a carrier

density of 6.% 1072 e/cm?® for two free electrons per unit

sition near the critical point in the melting line of “clean” cell, we evaluate the in-plane electronic mean-free path of
YBa,Cuz0;_ 5 single crystals, where the sharp resistanceahout 240 A neall;. The out-of-plane resistivity for Mg
step associated with the flux line lattice melting below thesing|e crystals is about four times higher compared to the
critical point was replaced by a smooth continuous transitiorin-plane on&> Given the out-of-plane Fermi velocity of
at higher fields” From both panels in Fig. 3 one can also see4.76x 10’ cm/s (Ref. 3 we get the out-of-plane mean-free
strongly non-Ohmic behavior developing in the entire tem-path of about 60 A close t®,. Thus, comparable values of
perature region below .. We rule out the possibility that coherence length and electronic mean-free path indicate our
this nonlinearity may be due to simple thermal effects sincavigB, single crystal as approaching clean limit type-Il super-
in measurements of zero-field transitions linear voltage reconductor.
sponse was found in the same range of excitation currents. Finally, we discuss peculiar upward curvatureHp,(T)
We note that the non-Ohmic behavior found in MgBngle  dependence observed for MgBingle crystals neaf.
crystals is in striking contrast to the linear voltage respons&imilar positive curvature irH.,(T) has been previously
observed in the broad region of the vortex-liquid state abovgeported for intermetallic borocarbid&s®*2°It was success-
the melting transition in YBgCu;O;_ 5 single crystals®® fully described within the effective two-band model for

Now we discuss the magnetic phase diagram of MgB type-Il superconductors in the clean lififtAs mentioned
single crystal deduced from our in-plane transport measureabove, MgB single crystal is also close to the clean limit.
ments(see Fig. 4 Since for sample 1 superconducting tran- On the other hand, some differences between Mayid bo-
sition was measured by sweeping temperature at fixed magocarbides should be noted. RNi,B,C (R=Y, Lu) com-
netic fields, for each field three data points are shown as BoundsH,(T) dependence displays the same positive cur-
function of temperature: resistivity onset, transition mid-yature for both parallel and perpendicular magnetic field
pOint, and temperature of VaniShing TESiStiVity. On the OthEBrientationS, and the Out-of-p|ane anisotropy—QE does not
hand, for sample 2, measurements have been performed @pend on temperatufé? In striking contrast, in MgB the
fixed temperatures in a pulsed field, and the same thregnpward curvature iH.,(T) is much more pronounced in
points on the superconducting transition are shown in depensarallel magnetic field orientation compared to perpendicular
dence on field. As mentioned above, we associate resistivitigee inset in Fig. ¥ In the temperature range above 0.7T/

onset with the upper critical fieldh co(T). The data for both 1 ,(T) dependence for both field orientations may be well
single crystals demonstrate relatively close agreementjiteq by the expression

Slightly lower values of the upper critical fields for sample 2
may be due to possible field misalignment from thke Heo(T)/Heo(0)=A(1-T/T,)?, (D)

T(K)
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with very different fitting parameterd and . A=1.225, need for more work on magnetic phase diagram of MgB
a=1.185 andA=1.62,a«=1.59 forHlic andHllab, respec- close toT. including detailed theoretical study bf.,(T) as
tively. Furthermore, due to the different temperature depenwell as further experiments on MgBsingle crystals, e.g.,
dence ofH.,, andH,, the upper critical field anisotropy measurements dfi;»(T) by various methods.

shows remarkable temperature dependence increasing from In summary, we have used the in-plane transport measure-
2.2 close toT, up to about 3 below 30 K. Also, it is worth ments in magnetic field applied perpendicular and parallel to
mentioning that to the best of our knowledge exponent Mg and B sheets of MgBsingle crystals to determine the
=1.59 obtained foHllab geometry is one of the highest UPPEr critical field anisotropy of this recently discovered su-

values so far experimentally found for any superconductofP€rconductor. The results indicate moderate value of the up-
per critical field anisotropy ratio that is nearly temperature

From a theoretical point of view such large exponents ex
ceeding 1.5 have been predicted for narrow-band Systen{gdependent at about 3.0 below 30 K and monotonously de-

with local attractive interaction® However, a negative cur- creases toy=2.2 approachingc

vature ofH,(T) dependence clearly observed in MgBt This work was supported by the New Energy and Indus-
T<0.4-0.9; (see Fig. 4 is different from the low- trial Technology Development OrganizatiddEDO) as Col-
temperature behavior expected for superconductors with Idaborative Research and Development of Fundamental Tech-
cal pairing?® This brief discussion clearly demonstrates thenologies for Superconductivity Applications.
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